Application of low concentration acetic acid solution to various types of human epithelia, in vivo, is a well-established technique for the visual identification of neoplastic and potential precancerous lesions, especially in the cervix. An acetic acid application produces a transient whitening effect associated with the aforementioned lesions (acetowhite effect). In this article, a simple semi-empirical tissue reflectance model is presented, which describes the acetowhite effect in terms of the tissue's optical properties and layered structure. The model successfully describes data available in the literature, explains basic characteristics of the acetowhite effect, and can serve as the basis for the development of more accurate and reliable noninvasive diagnostic methodologies for precancerous epithelial lesions.
Introduction
Acetic acid is routinely used for the in vivo clinical examination of various types of epithelial tissues. 1, 2 Topical application of dilute solution (3% to 5%) of acetic acid causes a transient whitening effect (acetowhite effect) in neoplastic and precancerous epithelial lesions that facilitates their visual detection and identification. The technique is widely used for the routine screening of cervical neoplasia using colposcopy. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the cervix, neoplasia [cervical intraepithelial neoplasia (CIN)] is classified in three grades: CIN grade 1, CIN grade 2, and CIN grade 3. CIN1 (low grade) is generally considered a benign condition that may disappear by itself, while grades CIN2 and CIN3 (high grade) represent potential precancerous lesions. Figure 1 illustrates the morphology of the cervical epithelium with an average thickness of 0.36 mm and typical thickness variation in the 0.2 to 0.5 mm range. 11 Dysplastic cells are generally present in the bottom one-third of the epithelium in CIN1, in the bottom two thirds in CIN2, and throughout the entire epithelium in CIN3.
The acetowhite effect typically lasts for a few minutes and is caused by changes in the optical properties of the dysplastic epithelium, which are induced by acetic acid. Even though the exact mechanism underlying the changes in the optical properties is not known, it is believed to be due to a temporary increase in the scattering properties of the dysplastic epithelium caused by the acetic acid. 5, 6 In this article, a reflectance model for the acetowhite effect is presented for the first time (to the author's knowledge) in terms of tissue optical properties and morphological characteristics. The model is quite successful in describing experimental observations already reported in the literature by other researchers [4] [5] [6] [7] [8] [9] [10] and in explaining key characteristics of the acetowhite effect. In that sense, it is very promising for the further understanding of the effect, as well as for the development of quantitative diagnostic algorithms and tools for the reliable noninvasive detection and characterization of precancerous epithelial lesions.
Methods

Monte Carlo Simulations
Monte Carlo (MC) simulations of light propagation in biological tissue were performed using the MCML code. 12 Each MC simulation was performed with one million photons incident in a perpendicular infinitely thin beam configuration. The simulated cervical epithelium morphology is presented in Fig. 1 . A two-layer semi-infinite tissue model was assumed to simulate CIN3 with the top layer corresponding to the epithelium layer and the bottom layer corresponding to the stroma layer. Table 1 summarizes the parameters used in the simulations for CIN3. As shown, the reduced-scattering coefficient in the epithelium layer was varied to simulate the acetowhite effect. To simulate CIN1 and CIN2 morphology, a three-layer tissue geometry was employed with the top two layers simulating the epithelium and the bottom layer simulating the stroma ( Fig. 1 and Tables 2 and 3 ). Reflectance was measured up to a distance of 20 mm away from the incident beam at an exit angle range of 0 deg to 30 deg with respect to the vertical on the tissue surface, so as to better simulate a typical imaging geometry for cervix colposcopy using a CCD camera, as reported elsewhere. 6 Reflectance normalization was performed by simulating a highly scattering material (μ 0 s ¼ 100 mm −1 and μ a ¼ 0.001 mm −1 ), again to better simulate the reflectance normalization used in Ref. 6 . The scattering anisotropy coefficient of tissue was assumed g ¼ 0.9 (Heaney-Greenstein scattering phase function 12 ) and the refractive index was assumed equal to 1.4. Optical property values included in Tables 1 to 3 are typical for soft epithelial tissues, such as the human cervical epithelium, in the visible and near-infrared spectral regions. 13 
Data Analysis
Fitting to the MC data was performed using the TableCurve2D software package (Systat) that utilized the Levenberg-Marquardt minimization method. By feeding the data into a library of numerous trial functions and categorizing the results according to the most appropriate fit, TableCurve2D enabled the identification of the simplest empirical functions for the description of the data. The exact form of the empirical Eqs. (2) and (3) were determined this way.
Results
CIN3 lesions can be modeled by employing a two-layer geometry and thus are presented first. Figure 2 shows results from the simulations of CIN3 cervix lesions using the parameter values of Table 1 . The most important observation here is that reflectance strongly depends on the absorption coefficient of the stroma layer. If stroma absorption is significant, then significant changes in the reflectance are observed as a result of changes in the reduced-scattering coefficient of the epithelium layer. On the other hand, if stroma absorption is low, this causes changes in the reduced-scattering coefficient of the epithelium layer to have little effect in the total reflectance observed and, as a result, the acetowhite effect is weak. For this reason, the acetowhite effect is typically observed in the 540 to 580 nm region (green region) where hemoglobin provides strong absorption in the stroma; conversely, it is barely observed at wavelengths longer than 600 nm (red region) where hemoglobin absorption is low. 5, 6, 8, 14 Figure 2 also shows that variations in the actual epithelium thickness do not have a strong effect on the reflectance observed. Epithelium thickness values shown in Fig. 2 represent minimum, average, and maximum values for the epithelium of the human cervix, as reported in Ref. 11 . Effects of epithelium layer thickness can be modeled and taken into account, but because they do not appear to drastically affect the total reflectance all subsequent simulations and results in this first attempt to model the acetowhite effect refer to the average epithelium thickness of 0.36 mm.
Another parameter that is subject to biological variability, and affects the total reflectance, is the reduced-scattering coefficient in the stroma layer. For all simulations reported in Fig. 2 , the reduced-scattering coefficient of the stroma layer was assumed fixed at 1.6 mm −1 which is a reasonable value for this type of tissue in the visible and NIR wavelength regions. 13 To assess the effect of variations in the reduced-scattering Table 3 Simulation parameters for CIN2. coefficient of the stroma in the total observed reflectance, the reduced-scattering coefficient of the stroma layer was varied in the 1.0 to 2.0 mm −1 range. Typical simulation results are shown in Fig. 3 , illustrating that variations in the reducedscattering coefficient of the stroma do not appear to drastically affect the total observed reflectance. Because of this observation (just as in the case of epithelium layer thickness) all subsequent simulations and results refer to a typical value of the stroma reduced-scattering coefficient of 1.6 mm −1 . Figure 4 shows simulation results for CIN1 and CIN2 lesions. These were implemented using the three-layer geometry outlined in the methods section. Reflectance results for these two lesion types generally exhibit the main feature of the CIN3 lesions, i.e., stroma absorption is important for the observation of the acetowhite effect. In addition, the thickness of the dysplastic cell layer in the epithelium also appears important with CIN1 lesions exhibiting a weaker version of the acetowhite effect than CIN2 lesions, which, in turn, exhibit a weaker acetowhite effect than CIN3 lesions.
To describe the acetowhite effect in a quantitative way, the ratio of the reflectance at the highest and lowest values of the reduced-scattering coefficient was used:
This ratio, S, termed "acetowhite sensitivity," is a quantitative measure of the increase in reflectance due to the acetowhite effect and is presented in Fig. 5 using the data shown in Figs. 2 to 4. In Fig. 5(a) , the acetowhite sensitivity is shown for three different thickness values of the epithelium layer for CIN3. In general, the thicker the epithelium the stronger the acetowhite effect is, with the exception of large stroma absorption where a thinner acetowhite epithelium produces stronger acetowhite effect. Figure 5 (b) shows the effect of the stroma reduced-scattering coefficient on the acetowhite effect, illustrating that lower stroma scattering produces stronger acetowhite effect. Finally, Fig. 5 (c) shows the acetowhite effect for three representative cases of CIN1, CIN2, and CIN3. As can be seen, CIN3 produces the stronger acetowhite effect, as expected, but CIN2 is remarkably close to CIN3, while CIN1 is characterized by clearly smaller acetowhite effect. This similarity between CIN2 and CIN3 is remarkable because histologically they are also closer, compared to CIN1. Figure 5 illustrates that when stroma absorption is minimal, the acetowhite effect is weak (corresponding to only about 10% increase in reflectance) while for stronger stroma absorption, the acetowhite effect becomes much more pronounced, yielding up to an entire order of magnitude increase in reflectance.
Using the MC reflectance results, it is now possible to construct semi-empirical analytical models that describe the MC data and carry all the advantages and convenience of an analytical expression. To model CIN1, the MC data shown in Fig. 4 were used. It was found, using methods described in Sec. 2.2, that the data can be described by Eq. (2),
that includes six empirical parameters (determined during the fitting process) summarized in Table 4 . In Eq. (2), μ α is the absorption coefficient of the stroma layer and μ 0 s is the reduced-scattering coefficient of the epithelium layer. The fit of Eq. (2) to the MC data is shown in Fig. 6 illustrating the fact that Eq. (2) describes the MC data well.
To model CIN3, the MC data shown in Fig. 2 were used corresponding to the average epithelium thickness (z ¼ 0.36). In this case, Eq. (3) was found to describe the data well.
The fit of Eq. (3) to the MC data is shown in Fig. 7 . Just as in the case of Eq. (2), Eq. (3), includes six empirically determined parameters that are summarized in Table 4 ; μ a is the absorption coefficient of the stroma layer and μ 0 s is the reduced-scattering coefficient of epithelium layer. Typical r 2 values for the fits shown in Figs. 6 and 7 are better than 0.99.
It is now possible to proceed to analyze actual experimental reflectance data of the acetowhite effect in CIN lesions of the cervix reported in Ref. 6 . Note that a model for CIN2 was not explicitly developed because no CIN2 reflectance data are reported in Ref. 6 but they are combined with CIN3 because they are both generally considered precancerous lesions compared to CIN1 lesions, which are generally considered benign. Thus, clinically, it is useful and important to be able to distinguish between CIN1 and CIN2/CIN3 lesions rather than between CIN2 and CIN3. Nevertheless, it should be pointed out that a model for CIN2 can be easily developed. Just as in the case of CIN1 and CIN3, Eqs. (2) and (3) or a variation of these may be found suitable to describe the data using techniques similar to those described earlier in the methods section. For the purposes of our further analysis, we will make the assumption that the model developed for CIN3 is approximately suitable for analysis of CIN2 data that are potentially reported combined with CIN3 in Ref. 6 . Figure 8 shows the reduced-scattering coefficient calculated using the model of Eq. (3) for three typical CIN3 lesions reported in Fig. 4(d) in Ref. 6 . The increase in the scattering coefficient of the epithelium due to the acetowhite effect is within an order of magnitude. Figure 9 shows a similar calculation of the reduced-scattering coefficient of the epithelium in CIN3 lesions using two different acetic acid concentrations (3% and 5%) [data from Fig. 6(b) in Ref. 6 ]. Note that the difference in the reduced-scattering coefficient of the epithelium is almost twofold between the two different concentrations, in contrast to the difference in reflectance, which is quite smaller. This observation is in agreement with the findings of the modeling work presented by Balas et al. 6 In their work, they generally attribute the smaller difference observed in reflectance to light-scattering effects; in the present work the analytical model employed offers an interesting direct quantitative confirmation to their qualitative prediction.
Finally, Fig. 10 shows the reduced-scattering coefficient, calculated using the model of Eq. (2), for three typical CIN1 lesions reported in Fig. 4(c) in Ref. 6 . Just as in the case of high grade lesions (CIN2/3) an increase is observed in the reduced-scattering coefficient of the epithelium due to the acetowhite effect. Note that the overall increase in the reducedscattering coefficient of the epithelium is smaller, as expected in CIN1 lesions.
It is worth noting that the reduced-scattering coefficient shown in Figs. 8 to 10 does not strongly depend on the actual value of the stroma absorption coefficient. As can be seen from Figs. 2 to 4 , the absorption coefficient varies in a range spanning three orders of magnitude while the reduced-scattering coefficient varies correspondingly by only one order of magnitude. This confirms that the reduced-scattering coefficient is not particularly sensitive to small variations in the absorption coefficient. Even though there is no standard way to quantitatively describe this sensitivity, a quantitative example is also presented in support of the above observation: a 100% increase in the stroma absorption coefficient (from 0.08 to 0.16 mm −1 ) results in only 20% error in the estimation of the reduced-scattering coefficient of the epithelium (from 10 to 12 mm −1 ). Similar arguments hold for the epithelium baseline reduced-scattering coefficient that may typically vary as 1.5 AE 0.5 mm −1 while the actual reduced-scattering coefficient varies by an order of magnitude in contrast.
In all data analysis shown in Figs. (8) to (10), the absorption coefficient of the stroma layer was calculated using the initial reflectance value at t ¼ 0 by assuming an initial epithelial reduced-scattering coefficient equal to 1.0 mm −1 and numerically solving Eqs. 
Discussion
Even though the acetowhite effect has been studied in vivo in several studies utilizing imaging, as well as spectral imaging techniques, 4-10 no detailed reflectance model has been presented yet (to the author's knowledge). Such a quantitative reflectance model is presented in this article, describing key features of the acetowhite effect that can be summarized as follows.
(1) The acetowhite effect can be modeled by assuming a transient change in the scattering properties of the epithelium layer. The reduced-scattering coefficient of the dysplastic epithelium typically increases by an order of magnitude due to application of dilute (3% to 5%) acetic acid solution.
(2) The absorption of the epithelium layer can be reasonably assumed to be negligible (assumption realistic in the visible and near-infrared regions) but the absorption of the stroma layer immediately below is crucial for the observation of the acetowhite effect using common imaging techniques during Fig. 4(a) . Solid lines represent model fits to Eq. (2). colposcopy. If the absorption coefficient in the stroma layer is negligible, then the acetowhite effect is weak, regardless of the significant increase in the reducedscattering coefficient in the epithelium. This characteristic has been previously observed experimentally 5, 6, 8, 14 using spectral imaging in the 540 to 580 nm range where hemoglobin absorption in the stroma layer is higher. In contrast, at wavelengths longer than 600 nm, where hemoglobin absorption is low, the acetowhite effect is significantly diminished. The model presented in this article offers a quantitative explanation for this interesting and important characteristic of the acetowhite effect. It is important to keep in mind that this observation is valid for the typical imaging delivery/collection geometry employed in colposcopy. 5, 6, 8 (3) The exact thickness of the epithelium layer (which typically varies in the 0.2 to 0.5 mm range with an average thickness of 0.36 mm in the cervix), also affects the reflectance measured. This effect is generally small compared to the effect of the absorption coefficient of the stroma layer. Similarly, the exact value of the reduced-scattering coefficient in the stroma layer, which may vary typically in the 1.0 to 2.0 mm −1 range (visible and NIR spectral regions), does not appear to affect the reflectance greatly either. In addition, several other observations are worth mentioning. Balas et al. 6 predict an almost two-fold increase in epithelial scattering due to application of 5% acetic acid solution as opposed to 3% solution. This change is not observed in their experimental reflectance data, but by observing the actual differences in the values of the reduced-scattering coefficient calculated using the model presented in this article. These are found to be much more consistent with the predictions of Balas et al. 6 For CIN1 lesions, the model predicts lower reflectance than CIN2 and CIN3 lesions. This is due to the fact that epithelial cells associated with the acetowhite effect are located deeper in the CIN1 epithelium . This is immediately evident by inspection of Figs. 2 and 4 . This particular feature is also due to the fact that dysplastic cells exhibiting the acetowhite effect are limited to a thinner layer of the epithelium as opposed to CIN2 and CIN3. Apart from the data reported in Ref. 6 and analyzed here, the expected smaller variation in the reflectance change due to the acetowhite effect is also evident in the data reported by Wu et al. 10 These data are shown in Fig. 11 illustrating a smaller dynamic range for reflectance (from t ¼ 0 up until peak reflectance time point) and they are consistent with the predictions of the model presented above.
For CIN2 lesions no detailed quantitative model has been presented (as in the case of CIN1 and CIN3). This is because no CIN2 reflectance data are presented in Ref. 6 but are instead combined together with CIN3. Data are combined, because both CIN2 and CIN3 are potentially precancerous and are classified together by pathologists. However, a reflectance model can be easily obtained for CIN2 by finding an empirical fit to the data shown in Fig. 4 in a manner analogous to CIN1 and CIN3. In fact, assuming all other optical properties are similar, the model would predict lower reflectance for CIN2 than CIN3 and higher than CIN1. This would be interesting to study in actual CIN2 data. Preliminary data published previously in Refs. 4 and 5 are consistent with the model predictions presented here.
It is important to keep in mind that the acetowhite effect is a transient effect and that the model presented here does not deal with the changes of epithelial scattering versus time, but rather with the changes of epithelial reflectance versus epithelial scattering. Combination of the two modeling approaches, in future work, may produce more accurate and useful diagnostic algorithms based on the acetowhite effect.
The model presented here, is meant to be a first approximate model to describe basic features of the acetowhite effect in a quantitative manner. In that spirit, no attempt was made to model in detail parameters such as epithelial layer thickness and scattering in the stroma. In addition, no attempt was made to apply the model in a diagnostic way, such as using the model for algorithm development to discriminate between CIN1 and CIN2/3 lesions. These are all very interesting future modeling tasks, together with more accurate and rigorous validation and tuning of the model on epithelial tissue phantoms.
Another important point that needs to be stressed is that the current formulation of the semi-empirical model [Eqs.
(2) and (3)] is distinctly different for CIN1 and CIN3. It would be great if one could come up with a single-expression model for all three stages of CIN. However, it is not immediately clear if this is possible. CIN1 and CIN2 constitute a three-layer problem, while CIN3 is a two-layer problem. Perhaps CIN3 could be modeled as a limiting case of a three-layer problem, but it is not obvious what that three-layer analytical model expression would be. This is an open question for future investigations. Finally, it must be stressed that much remains unknown regarding the exact microscopic origins of the acetowhite effect and the resulting changes in the scattering properties of the epithelium. More detailed knowledge about these, which may become available in the future, will greatly facilitate the development of better reflectance models for the description of the acetowhite effect.
